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Fermi-liquid ground state in n-type copper-oxide superconductor Pr0.91LaCe0.09CuO4−y
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We report nuclear magnetic resonance studies on the low-doped n-type copper-oxide
Pr0.91LaCe0.09CuO4−y (Tc=24 K) in the superconducting state and in the normal state uncovered
by the application of a strong magnetic field. We find that when the superconductivity is removed,
the underlying ground state is the Fermi liquid state. This result is at variance with that inferred
from previous thermal conductivity measurement and contrast with that in p-type copper-oxides
with a similar doping level where high-Tc superconductivity sets in within the pseudogap phase.
The data in the superconducting state are consistent with the line-nodes gap model.
PACS numbers: 74.25.Jb, 74.72.Jt, 76.60.-k
The underlying ground state from which superconduc-
tivity evolves is closely related to, and may even deter-
mine, the nature of the superconductivity. In conven-
tional metals, BCS type of superconductivity develops
out of a ground state described by Landau’s Fermi liq-
uid theory in which electrons, even interact with each
other, can be treated as dressed fermions called quasi-
particles [1]. By contrary, the normal state above the
transition temperature (Tc) in the p-type (hole-doped)
copper-oxide superconductors deviates [2] from the Fermi
liquid. One of the emerging pictures is that high-Tc
superconductivity evolves out of a new state of mat-
ter [3]. Meanwhile, the n-type (electron-doped) copper-
oxide superconductors Re2−xCexCuO4−y (Re=Nd, Pr,
Eu or Sm) [4] show a substantially lower Tc than their
p-type counterparts. It is therefore an outstanding im-
portant question of what is the difference in the under-
lying ground state between these two classes of mate-
rials. Early experiments found that the electrical con-
ductivity in Re2−xCexCuO4−y (Re=Nd, Pr) is strikingly
different from that in the p-type copper-oxides [5, 6],
but it is recently suggested that the ground state in
Pr1.85Ce0.15CuO4−y is a ”spin-charge separated” state,
as the case thought to occur in the p-type materials,
where electrons have different capability to transport
heat and charge [7].
In this study, we suppress superconductivity in the
n-type Pr0.91LaCe0.09CuO4−y (Tc=24 K) with a strong
magnetic field and evaluate the normal state using 63Cu
nuclear magnetic resonance (NMR). We find that the
ground state hidden behind superconductivity is the
Fermi liquid. When the superconductivity is removed,
the spin lattice relaxation rate (1/T1) was found to fol-
low the T1T=constant relation, known as Korringa law
[8], down to a very low temperature of T=0.2 K. The
NMR data in the superconducting state, which were ob-
tained for the first time in Re2−xCexCuO4, are rather
consistent with line-nodes gap model.
High quality single crystal of Pr1−xCexLaCuO4−y used
in this study was grown by the traveling-solvent-floating-
zone method [9]. Here half of Pr was replaced by La
that helps stabilizing crystallization to obtain large-size
single crystals. More crucially, it helps eliminating the
magnetic moment due to the rare earth element that has
been the main cause for preventing the understanding
of this class of superconductors [10, 11]. Substituting x
tetravalent Ce for trivalent Pr adds x electron to the
CuO2 plane. Upon doping Ce, superconductivity ap-
pears at x=0.09 with Tc as high as 26 K, then Tc de-
creases monotonically with increasing x [9]. A crystal
of 5×2×0.5 mm3 of Pr0.91LaCe0.09CuO4−y was used for
NMR and ac magnetic susceptibility measurements. Fig-
ure 1 shows the critical field necessary to destroy super-
conductivity, Hc2, determined from the ac-susceptibility
measured at high frequency of f=175 MHz (left inset of
Fig. 1). The value of Hc2(T=0) for the magnetic field
(H) applied perpendicular to the CuO2 plane (H ‖ c-
axis) is estimated to be less than 10 T, indicating a sub-
stantially longer superconducting-coherence-length than
that in the p-type cuprates. This low Hc2 makes it pos-
sible to access the ”normal” ground state by applying a
laboratory magnetic field to suppress the superconduc-
tivity. Note that in typical p-type superconductors, the
highest static field of ∼30 T using Bitter magnets can
only reduce Tc to its half value [12, 13].
Taking full advantage of the large anisotropy of Hc2,
we study the nature of the superconductivity by ap-
plying a magnetic field of 6.2 T along the CuO2 plane
(Tc(6.2T)=19 K) and we explore the ground state by
applying a field of 15.3 T perpendicular to the plane
to suppress the superconductivity. A single 63Cu NMR
line was observed for both H ‖ c-axis and H ‖ a-axis.
The full width at half maximum of the linewidth at
T=300 K is ∼150 Oe (∼300 Oe) at H=6.2 T (15.3
T) ‖c-axis and ∼75 Oe at H=6.2 T ‖ a-axis, which
indicate that the nuclear quadrupolar frequency νQ is
very small (νQ ≤ 0.5 MHz, if any), as the case in
Nd1.85Ce0.15CuO4 [10]. This is understood as due to
electron doping into the Cu 3d-orbit whose hole is the
main contribution to νQ [14]. The 1/T1 of
63Cu was
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FIG. 1: The critical field of Pr0.91LaCe0.09CuO4−y as a func-
tion of temperature. The curves are guides to the eyes. The
insets show the ac-susceptibility at various fields and the in-
plane resistivity.
measured by the saturation-recovery method. A small
RF field was used in order to avoid possible heating by
the RF pulse. The value of 1/T1 was determined from
an excellent fitting of the nuclear magnetization M(t) to
M(∞)−M(t)
M(∞) = 0.1exp(−t/T1) + 0.9exp(−6t/T1) [15].
The key results of this study were obtained by mea-
suring 1/T1 in the zero-temperature limit ”normal state”
when the superconductivity is suppressed. A criterion
for judging an electronic state being a Fermi liquid or
a ”strange metal” is to see whether or not 1/T1 obeys
the Korringa law [8]. In a Fermi liquid, those quasipar-
ticles that participate in the nuclear spin-lattice relax-
ation are the quasiparticles near EF whose population is
∼ kBT . Therefore 1/T1 is proportional to T in such a
state (see below for a broader definition of the Korringa
law). As seen in Fig. 2, for H along the CuO2 plane
of Pr0.91LaCe0.09CuO4−y, there appears a signature of
1/T1 becoming proportional to T below a temperature
above Tc, but only in a narrow temperature range be-
cause superconductivity sets in (see Fig. 2, circles) [16].
It is unclear whether or not this is in the middle of cross-
ing over to a more exotic state at lower temperatures as
seen in p-type cuprate superconductors. We therefore
applied a strong magnetic field of 15.3 T perpendicular
to the CuO2 plane to suppress the superconductivity and
thereby to reveal the ground state hidden behind the su-
perconductivity. There, it is seen that the T1T=constant
relation indeed holds, persisting down to a very low tem-
perature T=0.2 K (also see the inset of Fig. 3). Namely,
the hallmark of the Fermi liquid is unambiguously ob-
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FIG. 2: Temperature dependence of the 63Cu nuclear spin-
lattice relaxation rate, 1/T1, with the magnetic filed ap-
plied parallel (circles, H=6.2 T) and perpendicular (squares,
H=15.3 T) to the CuO2 plane, respectively. The solid curve
is the calculated result for the disordered dx2−y2 gap function
[29], ∆ = ∆0cos(2θ), with 2∆0 = 3.8kBTc and a residual DOS
at the Fermi level, Nres = 0.15N(EF ). The broken curve is
the calculated result for a BCS s-wave gap, 2∆0 = 3.5kBTc
and the ratio of ∆0 to the energy level breadth [30], r=10.
served over more than two decades in temperature.
In order to examine in more detail how the electron-
electron correlations evolve with temperature, it is in-
structive to plot the quantity of 1/T1T as a function
of T . In Fig. 3, one sees that upon lowering temper-
ature from 300 K, 1/T1T increases with decreasing T ,
but is saturated around T=70 K. The most important
feature is that 1/T1T becomes a constant below T=55 K
which persists down to T=0.2 K (see the inset), as men-
tioned already. Note that 1/T1T probes the imaginary
part of the low-frequency (ω →0) dynamical suscepti-
bility (χ(q, ω)) averaged over the momentum (q) space:
1/T1T =
3kB
4
1
µ2
B
~2
∑
q AqA−q
χ”(q,ω)
ω
, where Aq is the hy-
perfine coupling constant [17]. For conventional met-
als described by the Fermi liquid theory,
∑
q χ”(q, ω) =
pi
∑
k,k′ δ(Ek − Ek′ − ~ω)(f(Ek′ ) − f(Ek)), thus one re-
covers the Korringa law of 1/T1T =
pi
~
A2N(EF )
2kB =
4pikB
~
(γn
γe
)2K2s , where γe(n) is the Gyromagnetic ratio of
electron (nucleus) and Ks is the spin Knight shift. By
contrary, when χ(q) has a peak at the antiferromagnetic
wave vector Q = (pi, pi) as seen in the p-type cuprates,
1/T1T becomes to be proportional to χ(Q) [18, 19].
The increase of 1/T1T upon decreasing temperature in
Pr0.91LaCe0.09CuO4−y can therefore be attributed to the
30
2
4
6
8
0 50 100 150 200 250 300 350
1/
T 1
T 
(S
ec
-
1 K
-
1 )
T (K)
H (15.3 T) // c
H (6.2 T) // a
T
c
Pr0.91LaCe0.09CuO4
0
1
2
3
0 20 40 60
1/
T 1
T 
(S
ec
-
1 K
-
1 )
T (K)
H (15.3 T) // c
FIG. 3: The quantity of 1/T1T as a function of tempera-
ture in Pr0.91LaCe0.09CuO4−y. The inset emphasized the low
temperature part for H ‖ c-axis.
increase of χ(Q), namely, to the development of antifer-
romagnetic spin correlations. But the increase of 1/T1T
is weak, resembling that in high-doped (overdoped) p-
type materials [13], which may be due to the electron-
doping into the Cu-3d orbit that reduces the size of the
spin moment. More importantly, for the low-doped p-
type copper-oxides with carrier density usually less than
0.2, with further lowering T , 1/T1T starts to decrease
at a temperature T ∗ that is far above Tc ∼100 K. This
phenomenon of the loss of low-energy spectral weight or
DOS is ascribed to be due to a pseudogap opening [2],
which has been a subject of intensive studies over the last
decade. However, the pseudogap behavior is not seen in
1/T1T in Pr0.91LaCe0.09CuO4−y even though it is low-
doped. Its low-T (T ≤ 55 K) spin dynamics is renor-
malized to well conform to the prediction for the Fermi
liquid that persists as the ground state when the super-
conductivity is removed.
That the present compound is a low carrier-doped sam-
ple is supported by the Knight shift result. The spin
susceptibility χ(q = 0) of the present sample shares a
property commonly seen in low-doped p-type cuprate
superconductors [20], namely, χ(q = 0) decreases with
lowering T , although its Tc is the highest among its
class. In Fig. 4, the Knight shift, which is a sum of
the orbital contribution Korb and the spin contribution
Ks = Ahfχ(q = 0), are shown for both a-direction (Ka)
and c-direction (Kc). Kc is less T -dependent, probably
because of smaller hyperfine interaction Ahf in this di-
rection, namely, Kc is predominantly orbital origin. As
seen in the lower panel of Fig. 4 and the inset to it, the
decrease of Ka as T is reduced ceases below T ∼55 K,
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FIG. 4: Temperature dependence of the 63Cu Knight shift in
Pr0.91LaCe0.09CuO4−y . The inset to the lower panel empha-
sizes the data below T=60 K.
namely, Ka becomes T -independent within the exper-
imental error below T ∼55 K, until superconductivity
sets in. We have applied a high field of 28 T along the
a-direction to reduce the Tc to ∼ 10 K and confirmed
that the T -independence of Ka persists down to 10 K.
Thus, the criterion for the Fermi liquid in a broader
sense, the requirement of T1TK
2
s=constant, is also ful-
filled for T ≤ 55 K. Taking Korb,a=0.155% from Fig. 4
[22], we obtain T1TK
2
s=7.5×10
−8Sec·K, which is smaller
by a factor of 50 than the value for non-interacting elec-
trons of 3.75×10−6Sec·K. The difference primarily arises
from the enhancement of 1/T1T due to the antiferromag-
netic spin correlation. Hence, the low-T normal state
is a strongly-correlated Landau Fermi liquid. The in-
plane resistivity ρa, as shown in the right inset of Fig.
1, can be fitted to ρa = ρ0 + AT
2 with ρ0=92µΩcm
and A=3.75×10−3µΩcmK−2, which is consistent with
such Fermi liquid state but inconsistent with other liq-
uids [21]. Our conclusion is different from that inferred
from a recent low-T thermal conductivity measurement
that suggested a break-down of the Fermi liquid theory
in the n-type Pr1.85Ce0.15CuO4 [7]. Also note that in p-
type cuprates, the pseudogap persists in the H-induced
normal state below Tc(H=0) [12, 23]. Thus, our results
suggest that the physics of the ground state in the n-
type copper-oxide superconductors differs from that in
the p-type counterparts, which may be responsible for
the strikingly different Tc they generated.
4Finally, we discuss the nature of the superconduct-
ing gap. As seen in Fig. 2, 1/T1 in the supercon-
ducting (SC) state for H parallel to the CuO2-plane
(H ‖ a-axis) is reduced sharply just below Tc, and de-
creases in proportion to T n upon further lowering T ,
with the exponent n = 3 for 6 K≤ T ≤ 13 K. As elabo-
rated below, this is consistent with the existence of line-
nodes in the SC order parameter. In terms of density of
states (DOS), T1s in the SC state is expressed as
T1N
T1s
=
2
kBT
∫ ∫
(1 + ∆
2
EE
′ )Ns(E)Ns(E
′
)f(E)(1 − f(E
′
))δ(E −
E
′
)dEdE
′
, where Ns(E) is the DOS in the SC state,
f(E) is the Fermi function, ∆ is the energy gap. For an
s-wave gap, 1/T1 should show a peak just below Tc due
to the divergence of Ns at E = ∆, and then decrease
as ∼ exp(−∆/kBT ). The broken curve in Fig. 2 is the
calculated T -dependence of 1/T1 for the simple BCS gap
which was applied previously to several n-type cuprates
[24, 25, 26, 27]. By contrary, for a line-nodes gap such as
d-wave gap, the peak just below Tc is removed [28], and
a Ns(E) ∝ E at low E results in the 1/T1 ∝ T
3 behavior
at low temperatures. In the present case, the deviation of
1/T1 from T
3 at T ≤ 6 K is explained as due to the pres-
ence of impurity (disorder) scattering which brings about
a residual DOS (Nres) at the Fermi level (EF ) in the
case of linenodes gap [29, 31]. Note that an anisotropic
(or extended) s-wave gap model can not explain the T -
linear behavior of 1/T1 at low T [31]. To demonstrate
the result of line-nodes gap, we applied the dx2−y2 gap
model, ∆(θ) = ∆0cos(2θ), in the presence of disorder
[29]. The calculation finds excellent agreement with the
experimental data as seen in Fig. 2, with 2∆0 = 3.8kBTc
and Nres = 0.15N(EF ). The same model can also con-
sistently explain the Knight shift below Tc, for a choice
of Korb=0.155%, but the difference between the d-wave
and the s-wave cases in the Knight shift result is generally
small, which is also true in the present case. In summary,
our results in the SC state are compatible with the pho-
toemission and scanning SQUID experiments that found
d-wave-like gap in Nd1.85Ce0.15CuO4 [32, 33, 34].
In conclusion, from 63Cu NMR measurements in
an electron low-doped copper oxide superconductor
Pr0.91LaCe0.09CuO4−y, we find that no pseudogap shows
up and that the low-T (T ≤ 55 K) spin dynamics is renor-
malized to well conform to the prediction for the Fermi
liquid that persists as the ground state when the super-
conductivity is removed. This is the first case in which
the normal state in the zero-temperature limit was inves-
tigated by a microscopic probe. The NMR data set in the
superconducting state, which was obtained for the first
time in Re2−xCexCuO4, can be consistently explained by
line-node gap model. These results shed light on under-
standing doped Mott insulators and superconductivity
derived from them.
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